The GI (GIGANTEA) and PRR5 (PSEUDO-RESPONSE REGULATOR 5) genes are crucially implicated in the Arabidopsis circadian clock. We characterized a gi prr5 double loss-of-function mutant for the first time with reference to circadian clock-associated phenotypes. The results of this study revealed the genetic linkages between GI and PRR5 in the control of free running circadian oscillation of gene expression, early photomorphogenesis and flowering time. A mathematical clock model consisting of three interactive transcriptional feedback loops has recently been proposed. The model includes the hypothetical evening Y-TOC1 feedback loop, in which ''Y'' is suspected to be GI and/ or PRR5. This issue was also addressed in this study; perhaps GI and PRR5 are not sufficient to fulfill the Y role.
In Arabidopsis thaliana, circadian rhythms are implicated in a wide range of biological processes. 1) Hence clarification of the underlying molecular mechanisms is a longstanding subject in plant biology. During the last decade, intensive genetic studies of the mechanisms of the Arabidopsis circadian clock have uncovered a number of clock-associated genes.
1) The results of these studies have provided a basis for the first plant clock model, in which two types of clock-associated genes are implicated.
2) They encode MYB-related transcription factors, CCA1 (CIRCADIAN CLOCK-ASSOCIATED 1) and homologous LHY (LATE ELONGATED HYPOCOTYL), 3) and a member of the PRR (PSEUDO-RESPONSE REGULATOR) family, named TOC1 (TIMING OF CAB EXPRESSION 1) (also known as PRR1). 4) In this prototype single-loop clock model, CCA1/LHY directly repress the eveningexpressed TOC1 gene, the product of which in turn indirectly activates the CCA1/LHY genes. 2) In addition to TOC1, four other homologous members of a small PRR family (PRR9, PRR7, PRR5, PRR3) are also believed to be clock-associated proteins. 5) In fact, an additional morning feedback loop, formed by CCA1/ LHY and PRR9/PRR7, has been proposed, linking this new loop to the canonical CCA1/LHY-TOC1 core loop. 6) Taking these experimental data into consideration, Locke et al. proposed a computational multi-loop model consisting of three interactive transcriptional loops (the core CCA1/LHY-TOC1/X loop, the morning CCA1/LHY-PRR9/PRR7 loop, and the hypothetical evening Y-TOC1 loop), involving as yet undefined genes X and Y. 7) Zeilinger et al. independently proposed a similar model.
8)
The mathematical three-loop clock model has been widely adopted in many current studies, 1) but at present any Arabidopsis clock model is tentative, and it is important to improve it by incorporating more extensive, solid experimental data. In this context, one of the issues is identification of the gene(s) responsible for the ''Y'' activity, which is implicated in the evening Y-TOC1 feedback loop. Locke et al. have addressed this issue, and they suggest that the evening-expressed GI (GIGANTEA) gene fulfills the Y role at least in part. 7) But they also suggested that GI is not sufficient to account fully for Y activity, considering that another evening-expressed PRR5 gene might also be implicated as part of Y.
7)
Based on these views as to the Arabidopsis circadian clock, here we attempted to characterize for the first time a gi prr5 double loss of function. The aims were two-fold: to gain insight into the genetic linkages between these two important clock genes with reference to the hallmark circadian clock-associated phenotypes (i.e., control of early photomorphogenesis and photoy To whom correspondence should be addressed. Tel: +81-52-789-4089; Fax: +81-52-789-4091; E-mail: yamasino@agr.nagoya-u.ac.jp Abbreviations: CAB2, CHLOROPHYLL-a/b-BINDING PROTEIN 2; CCA1, CIRCADIAN CLOCK-ASSOCIATED1; Col, Columbia-0; ELF4, EARLY FLOWERING 4; FFT-NLLS, fast Fourier transform-nonlinear least squares; GI, GIGANTEA; LHY, LATE ELONGATED HYPOCOTYL; LL, continuous light; LoD, long-day; LUX/PCL1, LUX ARRHYTHMO/PHYTOCLOCK 1; PRR, PSEUDO-RESPONSE REGULATOR; ShD, short day; TOC1, TIMING OF CAB EXPRESSION 1; ZTL/ADO1, ZEITLUPE/ADAGIO 1 periodic control of flowering time), and the to examine whether the GI and PRR5 genes are implicated in Y activity. To create an appropriate gi prr5 double mutant, we employed the gi-2 and prr5-11 mutant alleles, both of which have been characterized previously. 9, 10) In accordance with the conventional Arabidopsis genetics, we established two independent gi-2 prr5-11 double mutant lines (labeled L#118 and L#213), which were considered to be defective (most likely null) in the functions of both GI and PRR5. To clarify the text, the following labels are used in the figure legends: Col (wild type), Ági (gi-2 single mutant), Á5 (prr5-11 single mutant), and Ág5 (gi-2 prr5-11 double mutant).
First we examined these with reference to the light response during early photomorphogenesis of the seedlings under conventional light/dark cycle conditions (Fig. 1A) . The molecular basis of the clock-controlled, light responsive diurnal elongation of hypocotyls was recently clarified to some extent.
11) Accordingly, the set of mutants was germinated and grown on MS gellan gum-plates under light/dark (8 h/16 h) cycle conditions. For both the dark-grown and the light/dark-grown seedlings, the lengths of the hypocotyls were measured (Fig. 1A , left panel). For an unknown reason, the average lengths of the hypocotyls of both the darkgrown gi-2 and the prr5-11 single mutant seedlings appeared to be slightly shorter that those of the wild type seedlings. In order to interpret the results properly, the lengths of the light/dark-grown seedlings were also normalized relative to those of the dark-grown seedlings (Fig. 1A , right panel). The results indicated that both the gi-2 and the prr5-11 seedlings were slightly hyposensitive to white light as compared with the wild-type Col seedlings (P < 0:0005 and P < 0:05 respectively). These results are consistent with those reported previously. 9, 12) Notably, the lengths of the gi-2 prr5-11 double mutants seedlings were considerably longer than those of the respective single mutants (P < 0:005). This is compatible with the thesis that GI and PRR5 play roles in an additive (GI + PRR5) manner, as far as the photomorphogenic phenotypes are concerned.
Next we examined another clock-associated phenotype with reference to the photoperiodic control of flowering time. It is known that the gi-2 mutant exhibits a phenotype of late flowering under long-day (LoD) photoperiodic conditions, 13, 14) whereas the prr5-11 mutant shows a phenotype of slightly late flowering under the same photoperiodic conditions. 6) These flowering phenotypes were examined and confirmed, as follows ( Fig. 1B) : The experiments were carried out under both LoD (16 h light/8 h dark) and short-day (ShD) (10 h light/14 h dark) photoperiodic conditions by scoring conventionally the number of rosette leaves on the onset of bolting. Then the flowering phenotypes were examined for two independent lines of the gi-2 prr5-11 double mutant (L#118 and L#213). The double mutant showed the late flowering phenotype, which was very similar to that of the gi-2 single mutant, indicating that gi-2 is epistatic to prr5-11. From the genetic viewpoint, it was assumed that GI and PRR5 play roles in a linear manner, presumably in the order PRR5 to GI, as far as the photoperiodic control of flowering time is concerned.
Then we addressed the question whether both the GI and the PRR5 gene products together are capable of fulfilling the Y role in the computational clock model. If this is the case, the expression level of TOC1 should be E. values, and asterisks highlight significant differences from Col ( Ã , P < 0:0005; ÃÃ , P < 0:05), and from the gi-2 and prr5-11 single mutants ( ÃÃÃ , P < 0:005). The present data are for the gi-2 prr5-11 double mutant (#118), but the essentially the same results were obtained for another line (#213). The detailed procedures were described previously. 10, 12, 19) B, Characterization of photoperiodic control of flowering time. The set of indicated mutant plants were grown both under long-day (LoD) and under short-day (ShD) photoperiodic conditions. The flowering time was quantitatively scored on the basis of the number of rosette leaves upon the onset of bolting. The data are averaged values from more than five plants for each. Error bar indicates S.E. values. Other details were described previously. 10, 19) dramatically reduced in the gi-2 prr5-11 double mutant. Based on this assumption, a set of plants (Col, gi-2, prr5-11, and gi-2 prr5-11) was grown under light/dark (12 h/12 h) cycle (LD) conditions for 20 d and then released into continuous light (LL) conditions. RNA samples were prepared at intervals of 3 h, and they were subjected to Northern blot hybridization analysis with a specific probe for TOC1 (Fig. 2) . It was found that a considerable amount of TOC1 was detected even in the mutant plant lacking the GI and PRR5 functions. These results suggest that neither GI nor PRR5 is obligatory factor for the transcription of TOC1, although the expression profile of TOC1 was considerably affected in the double mutant (also in the gi-2 single mutant). In other words, the Y activity might not be explained solely by the GI + PRR5 functions.
We also examined the gi-2 prr5-11 double mutant with reference to the clock function per se. To this end, the free-running oscillation profiles in LL were analyzed with regard to the major clock-component CCA1, LHY, and PRR7 genes. The representative clock-controlled CAB2 (CHLOROPHYLL-a/b-BINDING PROTEIN 2) output gene was also examined. A set of plants was grown as described above to prepare RNA samples at intervals of 3 h in LL. Northern blot hybridization analyses were carried out, and the results are summarized in Fig. 3 . To gain insight into the circadian rhythm-associated parameters (i.e., period, amplitude, phase, and expression level, see Fig. 3A ), the data from Northern blot hybridization analyses were quantified, and the values were analyzed by the FFT-NLLS (Fast Fourier Transform-Nonliner Least Squares) algorithm.
It was observed that both the amplitudes and expression levels of the major clock genes CCA1 and LHY were considerably reduced in the gi-2 prr5-11 double mutant (Fig. 3A and B) . The same was seen also in the gi-2 single mutant, as reported previously. [13] [14] [15] This was particularly evident in the case of LHY. In contrast, the amplitudes of PRR7 and CAB2 were reduced in the double mutant, but their absolute expression levels are not significantly reduced ( Fig. 3C  and D) . Taking all this, it was suggested that GI and PRR5 (particularly GI) affect the transcription levels of CCA1 and LHY in a specific manner.
Next, we inquired into the features observed in common in CCA1, LHY, PRR7, and CAB2 with reference to the periods and amplitudes of free-running rhythms in LL. As mentioned above, these parameters were estimated by the FFT-NLLS algorithm, and they are schematically plotted in Fig. 3E . This plot is somewhat unorthodox in that the values of the amplitudes, estimated by FFT-NLLS algorithm, were directly plotted along the Y-axis (The relative amplitude errors were <0:4 in every case). The observed common features were as follows: (i) The prr5-11 single mutant showed the phenotype of slightly short-period. (ii) The gi-2 single mutant showed the phenotype of slightly long-period and reduced amplitude. These results are consistent with those reported previously. 6, 9) (iii) The free-running rhythms of the clock-controlled genes in the gi-2 prr5-11 double mutant exhibited an intermediate period of the respective single mutant, while (iv) the observed amplitude in gi-2 prr5-11 was as low as in the case of the gi-2 single mutant. These results suggest that there are complex genetic linkages between the functions of GI and PRR5, as far as the clock-associated function is concerned, as discussed below.
In this study, we characterized a gi prr5 double lossof-function mutant with reference to the circadian clock (see the introductory section). The first issue was whether GI and PRR5 are crucially implicated in the recently proposed Y-TOC1 feedback loop. The results suggest that PRR5 might not be a part of Y (Fig. 2) . However, it should be noted that PRR5, together with its relatives PRR9 and PRR7, plays an essential clockassociated function, as demonstrated previously. 6) In any case, the current model is not yet complete, since it does not incorporate other known clock-associate evening The set of plants indicated was grown under 12 h light/12 h dark cycles for 20 d, and then, the plants were released into LL conditions. RNA samples were prepared at intervals of 3 h. Northern blot hybridization analyses were carried out with probes specific to TOC1. The hybridized bands were analyzed with an analyzer (BAS-2500, Fuji Xerox, Tokyo). The levels of rRNA were also analyzed as internal and loading references. Other details were the same as described previously. 10, 19) genes such as ELF4 (EARLY FLOWERING 4) and LUX/PCL1 (LUX ARRHYTHMO/PHYTOCLOCK 1). Although no experimental evidence is available, these clock-associated genes might be the alternative candidates for Y.
1) Taken together, identification of additional candidate genes that fulfill the Y role must await further experimentation.
The results of this study provide insight into the genetic linkages between GI and PRR5: (i) GI and PRR5 play roles in a parallel (GI + PRR5) manner, as far as the control of hypocotyl length in early photomorphogesis is concerned (Fig. 1A). (ii) GI and PRR5 play roles in a linear manner, as far as the photoperiodic control of flowering time is concerned (Fig. 1B) . (iii) GI and PRR5 play roles both in a parallel and a linear manner, as far as the control of hallmark clock parameters is concerned (Fig. 3) . Considering these apparently complicated genetic linkages between GI and PRR5, four recent findings should be noted. First, it has been found that the TOC1 and PRR5 proteins are the targets of the same SCF ZTL E3 ligase, in which ZTL/ADO1 (ZEITLUPE/ ADAGIO 1) plays a crucial role through specific degradation of both TOC1 and PRR5. 16, 17) Second, GI modulates the ZTL activity by binding directly, thereby stimulating the degradation of TOC1 (and perhaps of PRR5). 18) Finally, PRR5 negatively regulates the flowering-time transcription factor CDF1 at the level of transcription, 19) whereas GI controls flowering time by stimulating the degradation of CDF1 protein. 20) Based on these recent findings at the molecular level, one can hypothesize that GI functions in a linear manner with PRR5 by degrading PRR5 polypeptides, and that The set of plants indicated was grown under 12 h light/12 h dark cycles for 20 d, and then, the plants were released into continuous light (LL) conditions. RNA samples were prepared at intervals of 3 h. Northern blot hybridization analyses were carried out with probes specific to A, CCA1; B, LHY; C, PRR7I; D, CAB2. To examine the relative expression level (R.E.L.), the hybridized bands were quantified with an analyzer (BAS-2500, Fuji Xerox, Tokyo). To estimate the rhythmic parameters (i.e., period and amplitude, see panel A), the raw data were analyzed by FFT-NLLS (Fast Fourier Transform-Nonliner Least Squares). To clarify the profiles, the maximum expression level was taken to be 10, and the FFT-NLLS fitted curves were shown for the set of mutants, as indicated. The levels of rRNA were also analyzed as internal and loading references, but they are not shown, for clarity (see Fig. 2 ). E, Based on these analyses, the periods and amplitudes were plotted, and the approximate average positions are indicated by rectangles for each mutant. Each rectangle contains four plots, calculated for CCA1, LHY, PRR7, and CAB2, respectively.
concomitantly GI functions in a manner parallel with PRR5 by degrading the alternative target, TOC1. Recent findings as to the GI function suggest that this clockassociated factor plays a role at the post-transcriptional level, but not as a transcription factor. 18, 20) This is compatible with the view that it became thorny to explain the function of GI as the factor-Y in the mathematical three-loop clock model discussed above. Taken together, the apparently complicated genetic results of this study (i-v) are consistent with the recently defined multiple molecular functions of GI, and hence they provided us with insights into the current Arabidopsis clock model with special reference to the clockassociated genes GI and PRR5.
